Eukaryotic translation initiation begins with assembly of a 43S preinitiation complex. First, methionylated initiator methionine transfer RNA (Met-tRNA i Met ), eukaryotic initiation factor (eIF) 2, and guanosine triphosphate form a ternary complex (TC). The TC, eIF3, eIF1, and eIF1A cooperatively bind to the 40S subunit, yielding the 43S preinitiation complex, which is ready to attach to messenger RNA (mRNA) and start scanning to the initiation codon. Scanning on structured mRNAs additionally requires DHX29, a DExH-box protein that also binds directly to the 40S subunit. Here, we present a cryo-electron microscopy structure of the mammalian DHX29-bound 43S complex at 11.6 Å resolution. It reveals that eIF2 interacts with the 40S subunit via its a subunit and supports Met-tRNA i Met in an unexpected P/I orientation (eP/I). The structural core of eIF3 resides on the back of the 40S subunit, establishing two principal points of contact, whereas DHX29 binds around helix 16. The structure provides insights into eukaryote-specific aspects of translation, including the mechanism of action of DHX29.
INTRODUCTION
Translation initiation on most eukaryotic messenger RNAs (mRNAs) occurs by the scanning mechanism, which involves the complex functional interplay between multiple initiation factors (Jackson et al., 2010) . The process begins with ribosomal recruitment of methionated initiator methionine transfer RNA (Met-tRNA i Met ) by eukaryotic initiation factor (eIF) 2, which forms an eIF2/guanosine triphosphate (GTP)/Met-tRNA i Met ternary complex (TC). In cooperation with eIF3, eIF1, and eIF1A, the TC binds to the 40S ribosomal subunit, yielding the 43S preinitiation complex. This complex initially attaches to the 5 0 -proximal region of mRNA after the latter has been unwound by eIF4A, eIF4B, and eIF4F. eIF4F comprises eIF4E (a cap-binding protein), eIF4A (a DEAD-box RNA helicase), and eIF4G (a scaffold for eIF4E and eIF4A, which also binds to eIF3). eIF4F's position on the 43S complex has not been determined, and it is therefore not known whether mRNA slots directly into the entire length of the mRNA-binding cleft of the 40S subunit or is instead threaded into it through the mRNA entrance. After attachment to the mRNA, the 43S complex scans to the initiation codon, whereupon it forms a 48S initiation complex with established codonanticodon base pairing. Scanning on structured mRNAs in higher eukaryotes additionally requires the DExH-box protein DHX29, which also binds directly to the 40S subunit (Pisareva et al., 2008; Parsyan et al., 2009; Abaeva et al., 2011; Yu et al., 2011; Dhote et al., 2012) . Following start codon recognition, eIF5 and eIF5B promote hydrolysis of eIF2-bound GTP, release of eIFs, and joining of a 60S subunit to the 48S complex. Together with eIF1A, eIF1 plays a key role in maintaining the fidelity of initiation, discriminating against codon-anticodon mismatches, and preventing premature eIF5-induced hydrolysis of eIF2-bound GTP and P i release (for review, see Hinnebusch, 2011) . eIF2 consists of a, b, and g subunits. Its complete structure is not known, but it can be inferred from the structure of the highly homologous archaeal aIF2 , which can even substitute for it in 43S complex formation and scanning (Dmitriev et al., 2011) . The e/aIF2g subunit comprises the GTP-binding domain (DI) and b-barrel domains DII and DIII and is structurally homologous to elongation factor EF-Tu (Schmitt et al., 2002) . The rigid core of aIF2 is formed by aIF2g, the C-terminal domain D3 of aIF2a, and the N-terminal a helix of aIF2b. The core is flexibly connected to the rest of aIF2b and to aIF2a's D1 and D2 domains (Yatime et al., 2006 (Yatime et al., , 2007 Stolboushkina et al., 2008) . In the crystal structure of the aIF2/ Met-tRNA i Met /GDPNP (guanosine 5 0 - [b,g-imido] triphosphate) ternary complex (Schmitt et al., 2012) , transfer RNA (tRNA) is bound by the g and a subunits: the acceptor stem interacts with aIF2g-DI, aIF2g-DII, and aIF2a-D3, whereas the elbow contacts aIF2a-D1 and aIF2a-D2. However, eIF2a's role in initiation is controversial. Although mutations in its D1 domain reduce the fidelity of initiation (Cigan et al., 1989) , eIF2a is not essential in yeast and, in contrast to its activity in archaea, makes only a minor contribution to the Met-tRNA i Met -binding activity of yeast eIF2 (e.g., Naveau et al., 2013) . The structure of the 40S-bound eIF2 ternary complex has not been determined, but recent directed hydroxyl radical cleavage (HRC) experiments indicated that in yeast 48S complexes, eIF2g's DIII faces the 40S subunit in the vicinity of helix (h) 44 (Shin et al., 2011) . However, the ribosomal positions of eIF2a and eIF2b have remained unknown. The $800 kDa mammalian eIF3 consists of 13 subunits (eIF3a-eIF3m), six of which (eIFs 3a, 3c, 3e, 3k, 3l, 3 m) contain PCI (proteasome, COP9/signalosome, eIF3) domains that consist of helical repeats followed by a winged helix domain, and two of which (eIF3f, eIF3h) contain MPN (Mpr1-Pad1-N-terminal) domains that typically consist of a b-barrel surrounded by a helices and additional b strands and function to promote assembly of multiprotein complexes (e.g., Pena et al., 2007; Enchev et al., 2010) . This PCI/MPN core, which forms a stable octamer, also occurs in the 26S proteasome lid and the COP9/signalosome and in each instance adopts a similar five-lobed structure (Enchev et al., 2010; Sun et al., 2011; Beck et al., 2012) . The remaining subunits of eIF3 contain RRM domains (eIF3b, eIF3d, eIF3g), WD b-propeller domains (eIF3b, eIF3i), and a putative Zn-binding motif (eIF3g) (e.g., Marintchev and Wagner, 2004) and are likely flexibly linked to the PCI/MPN scaffold (Sun et al., 2011) . Negative-stain electron microscopy (EM) reconstruction of the ''native'' 40S subunit (Srivastava et al., 1992) and modeling of the eIF3/40S interaction on the basis of the eIF3/hepatitis C virus (HCV) IRES and 40S/HCV IRES complexes (Siridechadilok et al., 2005) indicate that eIF3 resides on the 40S subunit's solvent side. eIF3 is involved in nearly all stages of initiation, including ribosomal subunit antiassociation, promoting binding of the TC to the 40S subunit, ribosomal attachment to mRNA by interacting with the eIF4G subunit of eIF4F, and scanning, and it was also shown to interact with eIF1, eIF1A, eIF2, eIF4B, and eIF5 (for review, see Hinnebusch, 2006; Jackson et al., 2010; Valá sek, 2012) . eIF1 and eIF1A are monomers, which bind cooperatively to the 40S subunit (Maag and Lorsch, 2003) and reside at the subunit interface: eIF1 to the P site between the platform and Met-tRNA i Met (Lomakin et al., 2003; Rabl et al., 2011 ) and eIF1A primarily to the A site (Yu et al., 2009) . Their binding to yeast 40S subunits induces opening of the mRNA entry channel latch formed by h18 in the body and h34 and rpS3e in the beak (Passmore et al., 2007) , which was implicated in the mechanism by which these factors ensure the fidelity of initiation and stimulate scanning. The establishment of codon-anticodon base pairing leads to tightening of the eIF1A-40S interaction and dissociation of eIF1 (Maag et al., 2005; 2006) . In cooperation with eIF1A, eIF1 also promotes ribosomal recruitment of the TC. DHX29 belongs to the SF2 DEAH/RHA helicase family of proteins and comprises a unique N-terminal region, central catalytic RecA1/RecA2 domains, and the C-terminal part, which includes winged-helix (WH), ratchet, and OB domains that are characteristic of DEAH/RHA helicases (Dhote et al., 2012) . DHX29 promotes unwinding of stable stems at the mRNA entrance, ensuring that mRNA is subjected to linear inspection. Although in DHX29's absence intact stems are not prevented from entering the mRNA-binding channel, they cannot be threaded through its exit portion (Abaeva et al., 2011) . This results in incorrect positioning of mRNA upstream of the P site, which makes 48S complexes formed on AUGs downstream of intact stems susceptible to dissociation by eIF1. When 48S complexes form on AUGs preceding stable stems, the stem and the adjacent mRNA region are accommodated in the A site, and such complexes are dissociated by DHX29. DHX29 stimulates 48S complex formation most strongly when it is present in substoichiometric amounts relative to 43S complexes and can participate in multiple rounds of initiation (Pisareva et al., 2008) , which suggests that DHX29 may not be present on the 43S complex before attachment to mRNA and might join it only during scanning. Although footprinting analysis suggested that DHX29 binds near the mRNA entrance in the vicinity of h16 (Pisareva et al., 2008) , the exact ribosomal position of DHX29 and its orientation relative to the mRNA entrance have not been determined, and it is therefore not clear whether DHX29 itself unwinds mRNA before it enters the mRNA-binding cleft or acts indirectly by remodeling the ribosomal complex.
The absence of a structure for the 43S complex and the very limited nature of current structural data concerning the interactions of even individual eIFs with the 40S subunit (see above) constitute a significant impediment to further detailed characterization of the mechanism of key steps in eukaryotic initiation, in particular ribosomal attachment to mRNA and scanning. Here, we present a structure of the mammalian DHX29-bound 43S complex at 11.6 Å resolution, which provides insights into several specific aspects of eukaryotic translation.
RESULTS AND DISCUSSION
The Overall Structure of the DHX29-Bound 43S Complex DHX29-bound 43S complexes were assembled in vitro by incubating individual native 40S subunits, eIF2, and eIF3 (lacking the j subunit) that had been purified from rabbit reticulocyte lysate (RRL); recombinant eIF1, eIF1A, and DHX29; and Met-tRNA i Met in the presence of GDPNP and were then purified by gel filtration on a Superose 6 column. The composition of the resulting complexes was verified by SDS-PAGE followed by fluorescent SYPRO staining (eIF2, eIF3, DHX29) or western blotting (eIF1 and eIF1A) (Figures S1A-S1C available online). Cryo-EM images of DHX29-bound 43S complexes were collected at 120 kV, yielding highly contrasted images with clearly visible 43S particles ( Figure S2A ). Images of particles were processed with SPI-DER (Frank et al., 1996) and pySPIDER (R.L. and J.F., unpublished data; see Experimental Procedures) and then classified and reconstructed with RELION (Scheres, 2012) . Several classes containing different sets of components were identified (Figure S3A ). The present analysis focused on the class with the fullest complement of initiation factors, yielding an 11.6 Å reconstruction (see Supplemental Information; Figures S2B and S5 for details regarding the resolution). This reconstruction reveals three large distinct masses of density on the 40S subunit: (1) at the back of the subunit, (2) at the subunit interface in the area of the P site, and (3) near h16 of 18S ribosomal RNA (rRNA) (Figure 1) . The mass at the back (red in Figure 1 ) was attributed to the structural core of eIF3, based on its reported shape and location (Srivastava et al., 1992; Siridechadilok et al., 2005) . The density at the subunit interface (orange) was interpreted as the TC (Shin et al., 2011) . The density around h16 and a small, weakly connected mass at the subunit interface near the A site (green) were assigned to DHX29 based on footprinting analysis (Pisareva et al., 2008) . The position of DHX29 was also verified by HRC experiments, in which [Fe(II)-BABE]-derivatized wild-type (WT) full-length DHX29 induced cleavage in the apex loop of h16 ( Figures S1D and S1E) . Two additional densities, on the solvent side next to DHX29 and on the head behind RACK1 (light red in Figure 1 ), were attributed to peripheral domains of eIF3. As in the cryo-EM reconstruction of the yeast 40S-eIF1-eIF1A complex (Passmore et al., 2007) , no density corresponding to eIF1 or eIF1A was found at their known locations (Lomakin et al., 2003; Rabl et al., 2011; Yu et al., 2009) , even though they were firmly associated with assembled DHX29-43S complexes ( Figures S1B and S1C ). This suggests that, consistent with their cooperativity in binding (Maag and Lorsch, 2003) , eIF1 and eIF1A both dissociated during grid preparation, likely due to shear forces and/or contact with the air-water interface (Taylor and Glaeser, 2008) . cryo-EM structure of individual native eIF3 from HeLa cells (Siridechadilok et al., 2005) (Figure 2A ). One notable difference is that in our reconstruction, the left arm has a shorter density at the center of the protein on the back face ( Figure 2A , dashed circle). In contrast to eIF3 from HeLa, eIF3 from RRL contains a truncated eIF3a subunit ( Figure S1A ) due to endoproteolytic cleavage, and although this does not affect the activity of eIF3 (Pisarev et al., 2007) , it could account for the observed structural difference if one assumes that eIF3a forms part of the left arm. However, although the shape and the overall ribosomal location of eIF3 in our reconstruction are similar to those modeled in Siridechadilok et al. (2005) , its orientation on the 40S subunit is quite different. In our reconstruction, eIF3 is rotated and flipped, compared to the previous model, so that its back rather than front side faces the 40S subunit ( Figure 2B ). In the previous model (Siridechadilok et al., 2005;  Figure 2B , left), eIF3 was predicted to cover a rather large area on the back of the 40S subunit. In addition, its left leg was proposed to bind below the platform near the 60S subunit interface, which would cover ribosomal protein (rp) S13e (rp15p) that participates in the formation of intersubunit bridge B4 (Ben-Shem et al., 2010) . The basis for eIF3's ribosomal antiassociation activity was therefore proposed to involve the disruption of this bridge (Siridechadilok et al., 2005) . Our reconstruction revealed that eIF3 contacts a relatively small area of the 40S subunit, interacting in two principal regions via its head and left arm ( Figure 2B , right). Thus, eIF3's head protrudes into the subunit interface underneath the platform and interacts with the eukaryote-specific N-terminal domain of rpS13e and the eukaryote-specific rpS27e, whereas its left arm contacts the eukaryote-specific rpS1e and rpS26e ( Figure 2D ). In fact, a similar position of eIF3 on the 40S subunit was observed in the negative-stain EM reconstruction of 40S complexes purified from rabbit reticulocytes (Srivastava et al., 1992 ; Figure 2C ). This position on the ribosome is also consistent with the crosslinks of eIF3 with the region of mRNA upstream of the P site (positions À8 to À17) and eIF3's potential to form an extension of the mRNA-binding channel . In its location near rpS13e, the tip of eIF3's head would clash with rpL30e of the 60S subunit, a component of the intersubunit bridge B4 ( Figure 3A) . Thus, our reconstruction also indicates that eIF3's ribosomal antiassociation activity could involve disruption of bridge B4, as suggested previously (Siridechadilok et al., 2005) , but this disruption would be mediated by the head rather than the left leg of eIF3.
To further corroborate the ribosomal location of eIF3 determined here, we assessed its compatibility with a well-characterized ribosomal ligand, the HCV IRES, and with divergent exposed elements of 40S subunits from Trypanosoma brucei. During translation initiation on HCV mRNA, its IRES must interact specifically with the 40S subunit and eIF3 (Pestova et al., 1998) . Comparison of eIF3's ribosomal position in reconstructed 43S complexes with the ribosomal position of the IRES (Spahn et al., 2001 ) revealed a clash involving eIF3's left arm and the pseudoknot/IIIf domain region of the IRES ( Figure 3B ). The simul- (Siridechadilok et al., 2005) with the 11.6 Å structure of ribosomebound eIF3 from RRL (red; present study Figure S4 .
taneous presence of eIF3 and the IRES on the 40S subunit would thus require a rearrangement either of the IRES or of eIF3 at that location. The structure and position of mammalian eIF3 are complementary to peripheral unique features of the 40S subunits of kinetoplastids such as T. cruzi (Gao et al., 2005) and T. brucei (Hashem et al., 2013) , which are characterized by extraordinarily large expansion segments 6 S and 7 S ( Figure 3C ). Thus, the trypanosome-specific ES6 S -hF penetrates the space between the right arm and the head of eIF3, ES7 S -hB protrudes between the left arm and the head, whereasES7 S -hA wraps around the left arm from the other side without clashing. Importantly, T. brucei eIF3 is well conserved in comparison with the mammalian factor (Ivens et al., 2005) . The structural complementarity between eIF3 and the T. brucei 40S subunit suggests a role for the large ES6 S and ES7 S in kinetoplastids in stabilizing the eIF3-40S subunit interaction. Interestingly, the $800 kD native eIF3 (Siridechadilok et al., 2005) , a $700 kD in-vitro-reconstituted 12-subunit eIF3 (lacking j and containing truncated a* and c* subunits), and a $400 kD invitro-reconstituted PCI/MPN eIF3 octamer composed of a*, c*, and full-length e, k, l, m, f, and h subunits showed very similar structures (Sun et al., 2011) . This led to the suggestion that significant parts of b, d, g, and i subunits constitute flexible regions of eIF3 that were averaged out during reconstruction but that, together with the flexible regions of eIF3a and eIF3c, may protrude from the structural core and envelope the 40S subunit during 43S complex formation (Sun et al., 2011) . In our reconstruction, the structure of eIF3 is also very similar to that of the reconstituted PCI/MPN eIF3 octamer. Moreover, comparison of our higher-resolution structure of eIF3 with the near-atomicresolution cryo-EM structure of the 26S proteasome lid (Beck et al., 2012) (Figure S4 ) confirms previously noted similarities among the low-resolution structures of eIF3, the COP9/signalosome, and the 26S proteasome lid (Enchev et al., 2010 for the entire eIF3, and two additional masses, next to DHX29 and on the head behind RACK1 (Figures 1 and 4) , were therefore attributed to peripheral domains of eIF3 that are flexibly linked to its structural core. The attribution of these additional masses to eIF3 is supported by the comparison with reconstructions from other classes lacking eIF3 core (Figure S3A ), namely classes 1 and 2 that also lack these additional masses. In contrast, the presence of DHX29 is independent of eIF3. The mass on the 40S head is asymmetrical ( Figure 4A ) and displays a lower intensity than the eIF3 core, probably because of residual conformational heterogeneity as the lower local resolution and higher variance at this location suggest ( Figure S5 ). This mass contacts the eukaryote-specific N-terminal domain of rpS5e, rpS28e, and possibly RACK1 and is also weakly connected with the left arm of eIF3 ( Figure 4A) . Notably, N-terminal deletions of rpS5e reduced association of eIF3 with 40S subunits in yeast (Lumsden et al., 2010) . The other mass below DHX29 is positioned on the C-terminal domain of rpS9e (rp4p) and contacts ES6
S -hA and a large area on DHX29
( Figure 4B ). The large interaction surface of this doughnutshaped mass with DHX29 suggests that the latter may stabilize this domain of eIF3 at the observed position. Domains of eIF3 subunits that could potentially account for this mass of density include the WD b-propeller domains of eIF3b and eIF3i (TIF34 in yeast) . eIF3i/TIF34 interacts with the C-terminal a helix of eIF3b, and the crystal structure of this complex (Herrmannová et al., 2012) could be fitted to the density next to DHX29 with a cross-correlation coefficient (CCC) of $0.90 ( Figure 4B ) and cross-FSC value between the model and the map of 21 Å ( Figure S2C ), consistent with its lower local resolution and higher variance ( Figure S5 ). However, the structures of eIF3b's WD domains are not known, and we can therefore not exclude that this mass might instead belong to eIF3b. Although genetic and biochemical experiments have implicated several ribosomal proteins (including rps S0A, S2e, S3e, and S20e) in interactions with yeast eIF3 (for review, see Valá sek, 2012), we did not observe a direct interaction of the eIF3 core with these ribosomal proteins. There was also no eIF3 density located in the vicinity of eIF2 or near the ribosomal positions of eIF1 or eIF5 (Lomakin et al., 2003; Rabl et al., 2011; Luna et al., 2012) , even though biochemical and genetic data indicate that eIF3 interacts with these factors (for review, see Hinnebusch, 2006; Valá sek, 2012) . The interactions of eIF3 with ribosomal proteins and eIFs mentioned above are thus likely established by its flexible domains.
Location and Conformation of the eIF2-Ternary Complex on the 40S Subunit
The high homology of mammalian eIF2 with archaeal aIF2 justifies the use of the 5 Å resolution crystal structure of the ternary complex formed by aIF2, E. coli Met-tRNA i Met , and GDPNP (Schmitt et al., 2012) for rigid-body fitting into the density mass that was attributed to the TC. Met-tRNA i Met , aIF2g, and the aIF2g-interacting a helix of eIF2b and aIF2a-D3 fit very well (Figure 5A , right), with a CCC of 0.93 and a cross-FSC of 12.9 Å (Figure S2C) . No clash between Met-tRNA i Met and eIF1 would occur if the latter occupied its reported position (Lomakin et al., 2003; Rabl et al., 2011) . Whereas the anticodon of Met-tRNA i Met in DHX29-43S complexes is positioned essentially in the P site, its elbow is tilted toward the E site compared to the classical P/P orientation ( Figure S6A ), as was previously described for the P/I and P/I1 orientations of initiator tRNA in cryo-EM structures of prokaryotic initiation complexes (Allen et al., 2005 showing shape and size complementarity of the cryo-EM density of this domain with the crystal structure of eIF3i/TIF34 (Herrmannová et al., 2012) . In all panels, the crystal structure of the T. thermophila 40S subunit (light-yellow ribbon) (Rabl et al., 2011) was rigid-body fitted into our segmented 40S cryo-EM map (yellow mesh). See also Figure S5 . E site; Allen et al., 2005; Simonetti et al., 2008) than to the P/I1 state (where the CCA end is oriented toward the A site; Juliá n et al., 2011), it also differs from the former in that the elbow is lifted up, in the direction of the head of the 40S subunit (Figure S6B) . To differentiate the state of initiator tRNA in our structure from the P/I orientation observed in prokaryotic initiation complexes, we termed it eukaryotic P/I or eP/I. Although eIF2g faces h44, which is generally consistent with the results of HRC experiments done using yeast 48S complexes (Shin et al., 2011) , it nevertheless does not contact it (or any other region of the 40S subunit) directly ( Figure 5A ): the distance between the closest domain of eIF2g (domain III) and h44 is $34 Å . Although the distance between eIF2g and h44 would permit medium-intensity HRC in this helix from the surface of eIF2g (Lancaster et al., 2002) , which was observed in 48S complexes (Shin et al., 2011) , eIF2 in our reconstruction shows conformational variability, indicating flexibility of eIF2, which could potentially allow eIF2g to approach the 40S subunit more closely in 48S complexes after establishment of codon-anticodon interaction. Whereas the position of aIF2a-D3 domain within the aIF2 TC crystal structure (where it interacts with eIF2g and the acceptor stem of Met-tRNA i Met ) fits well into the mass attributed to TC, the position of aIF2a's N-terminal D1-D2 domains appears to be inconsistent with it ( Figure 5B , left). In order to accommodate D1-D2, which are flexibly connected to D3 (Ito et al., 2004) , they had to be rotated toward the subunit platform by $45 and shifted by $15 Å in the direction of the neck to be inserted very close to the E site ( Figure 5B, right) . In this orientation, D2 would interact strongly with the elbow of Met-tRNA i Met , whereas D1 would contact rpS5e (rp7p) (Figure 5B, right) . This position of D1 is consistent with the reported interaction of eIF2a with the À3 position of mRNA in 48S complexes (Pisarev et al., 2006) . There was no density that could be attributed to eIF2b, except for a mass relating to its eIF2g-interacting C-terminal a helix. However, a high-variance region, which is consistent with the presence of a flexible domain at that location, can be found in the area where eIF2b binds on eIF2g according to the crystal structure of aIF2 (Stolboushkina et al., 2008) (Figure S5B, cyan arrows) . Stabilization of the ribosomal position of eIF2b might therefore require the presence of eIF5, with which it interacts directly (Asano et al., 1999) . Despite its extensive interaction with Met-tRNA i Met , eIF2a is not essential for stable association of yeast eIF2 with Met-tRNA i Met (Nika et al., 2001; Naveau et al., 2013) . However, our observation that the only stable contact of eIF2 with the 40S subunit is mediated by eIF2a suggests that it should have an important role in ribosomal recruitment of the mammalian TC and stabilization of initiation complexes. In this respect, it should be noted that eIF2 lacking its a subunit had substantially reduced activity in 48S complex formation, particularly in the presence of eIF1 (Pisarev et al., 2006) .
Location of DHX29 and Implications for the Mechanism of DHX29's Action
The results of HRC experiments, in which medium-intensity cleavage from DHX29 occurred between nucleotides 530 and 533 in the apical loop of h16 ( Figures S1D and S1E ), allowed us to unambiguously assign the large mass of density near h16 to DHX29 (Figure 1 ). The main DHX29 mass is located around the tip of h16, where it bridges h16 with the beak by interacting with rpS3e, rps10e, and rpS12e ( Figure 6A , right, black arrows) and establishes extensive contact with the peripheral doughnut-shaped domain of eIF3 that we suggest might be eIF3i/TIF34 ( Figure 6A, left) . This mass also extends down along the frontal face of h16, reaching the C-terminal helix of rpS9e (rp4p), and then enters the subunit interface through a linker ( Figure 6A , right, magenta arrow) where it forms a small domain next to the eIF1A-binding site. This small domain interacts with rpS30e and rpS23e and weakly with h34, thereby bridging the body with the beak just outside the A site, near the mRNA entry channel latch ( Figure 6A , right, black arrow). This intersubunit domain of DHX29 would not seem to be in a position to clash with eIF1A if the latter were present in its reported location (Yu et al., 2009 ). However, the presence of this small domain could potentially account for the inability of DHX29 to bind efficiently to 80S ribosomes (Pisareva et al., 2008) and for DHX29's activity in dissociating aberrant ribosomal complexes containing intact mRNA hairpins in the A site (Abaeva et al., 2011) . Although DHX29 by itself is not a processive helicase (Pisareva et al., 2008) , the possibility that association with 43S complexes A B Figure 6 . DHX29 Binding on the 40S Subunit (A) Density assigned to DHX29 (green) showing that it mainly binds around h16, with a small domain residing at the subunit interface near the A site (left). eIF1 (cyan ribbon) and eIF1A (dark blue ribbon) were docked as in Figure 5 . Right: DHX29 density at a lower threshold, displaying several contacts with the 40S subunit beak (highlighted by black arrows), formed by interaction with ribosomal proteins and rRNA (colored ribbons). The magenta arrow indicates the weak linker between the main DHX29 density and the small domain. (B) Atomic model of DHX29 amino acids 551-1302 (colored to show its different domains, as in Dhote et al., 2012) rigid-body fitted into the DHX29 density. The brown ribbon shows the path of mRNA through DHX29, modeled on the basis of the crystal structure of single-stranded DNA bound to the structurally related DExH-box DNA helicase Hel308 (Bü ttner et al., 2007) , and the thick cyan dashed line shows the conventional mRNA path. See also Figures S5 and S6. might enhance DHX29's helicase activity cannot be strictly excluded. Therefore, the principal question concerning the mechanism of action of DHX29 continues to be whether it directly unwinds mRNA before it enters the mRNA-binding cleft or whether it acts indirectly by inducing conformational changes in the 40S subunit. DHX29 is not located in a way that mRNA would have to pass through it in order to enter the mRNA-binding channel. Although the crystal structure of DHX29 has not been determined, the structure of the C-terminal two-thirds of the protein, which comprise its RecA1/RecA2, WH, ratchet, and OB domains, has recently been modeled (Dhote et al., 2012) on the basis of the crystal structure of the DExH-box helicase Prp43p (He et al., 2010) . This model could be fitted reasonably well into a part of the density in such a way that unwound single-stranded mRNA (modeled on the basis of the crystal structure of DNA-bound helicase Hel308, which is structurally related to DHX29; Bü ttner et al., 2007) would be able to enter the mRNAbinding cleft with the correct 5 0 -3 0 polarity ( Figure 6B ). However, in this position of DHX29, which is the most favorable for the ''unwinding'' mechanism, mRNA would not be threaded through the entire mRNA-binding channel and would avoid a large part of its entry portion ( Figure 6B) , and it is difficult to suggest a mechanism that would direct mRNA to enter through DHX29 rather than the classical mRNA entrance.
On the other hand, the position of DHX29, bridging h16 with the beak, is favorable for induction of conformational changes in the 40S subunit, which, depending on the nucleoside-triphosphate/nucleoside-diphosphate-bound state of DHX29, could involve opening and closing of the mRNA entrance, which in turn could indirectly help 43S complexes to unwind entering mRNA stems. In addition, closure by DHX29 of the mRNA-binding cleft at two positions, in the entry portion by bridging h16 and rps S3/S10/S12 and near the A site by bridging rpS30e/rpS23e with h34, would also contribute to the processivity of scanning 43S complexes by proper fixation of mRNA in the mRNA-binding channel and by creating a physical barrier to prevent unwound mRNA stems from entering. An additional function of DHX29 might be to stabilize ribosomal association of the doughnutlike peripheral domain of eIF3, which, as suggested above, might be formed by eIF3i/TIF34. Although eIF3i is dispensable for assembly of active mammalian eIF3 in vitro (Masutani et al., 2007) , TIF34 has recently been implicated in ribosomal scanning in yeast (Cuchalová et al., 2010) .
In conclusion, the ribosomal position of DHX29 would be more consistent with an indirect mechanism of action. Further clarification of this mechanism can be anticipated from determination of the structure of the 43S complex associated with DHX29 in its nucleoside-diphosphate-bound form.
Conformation of the 40S Ribosomal Subunit in the DHX29-Bound 43S Complex
Binding of eIF1 and eIF1A to yeast 40S subunits induces opening of the mRNA entry channel latch formed by h18 in the body and h34 and rpS3e in the beak and establishment of a new headbody connection on the solvent side between h16 and rpS3e (Passmore et al., 2007) . However, in this 40S-eIF1-eIF1A reconstruction, eIF1 and eIF1A themselves are not seen. It is conceivable, as an explanation, that the conformation of the 40S subunit could be maintained after dissociation of eIFs 1 and 1A, because grids are prepared at +4 C, and at this temperature, the 40S subunit likely remains trapped in its conformation (at least for a short time) even after dissociation of some factors (e.g., Fischer et al., 2010) . In our reconstruction of the DHX29-bound 43S complex, the latch is fully closed ( Figure S6C ). We believe that it is not the dissociation of eIF1 and eIF1A that is responsible for the closure of the latch but rather the binding of DHX29. This view is further supported by the fact that DHX29 establishes several contacts in the region of the mRNA channel latch bridging the beak to the body just outside the A site by the intersubunit domain of DHX29 ( Figure 6A, right) .
The position of eIF4F in the 43S complex is not known, and the mechanism of attachment to the 43S complex to mRNA remains obscure. If eIF4F were located at the E-site side of the 40S subunit, then mRNA could bind directly by slotting into the mRNA-binding cleft, in which case opening of the latch would be conducive for its attachment. However, subsequent scanning might require stronger fixation of mRNA in the mRNA-binding channel. By closing the latch, DHX29 would trap mRNA inside the channel, which in turn could contribute to DHX29's activity in increasing the scanning processivity of 43S complexes.
We believe that the DHX29/GMPPNP-bound 43S complex investigated in the present study can be considered to mimic one of the states of the scanning 43S complex if the reasonable assumption is made that the presence of mRNA would not drastically alter its conformation. However, the current structure would represent only one of the states of the scanning complex, because DHX29's activity requires NTP hydrolysis, which would cause at least localized switching of DHX29 between different conformations.
Interestingly, the multiple ribosomal contacts established by eIFs and DHX29 in DHX29-43S complexes did not cause any major conformational changes in the 40S subunit. Only small differences were noted in the conformation of ES6 S compared to that in the crystal structure of the Tetrahymena thermophila 40S subunit (Rabl et al., 2011) . Thus, both ES6 S -hA and ES6 S -hB are oriented toward the bottom, being displaced by 5-10 Å relative to their position in the T. thermophila 40S subunit (Figure S6D ). Conformational changes in ES6 S are consistent with its reported flexibility (Ben-Shem et al., 2011) . However, the conformational change in ES6 S -hA could be due to its interaction with the DHX29-bound peripheral domain of eIF3.
In conclusion, the model of the DHX29/GMPPNP-bound 43S complex (which represents one of its conformations during scanning because DHX29 has to hydrolyze NTP) provides a structural context for the canonical eukaryotic translation initiation mechanism and will serve as a framework for further elucidation of individual steps in this complex process.
EXPERIMENTAL PROCEDURES
Purification of 40S Ribosomal Subunits, Initiation Factors, DHX29, and Aminoacylation of tRNA i Met Native eIF2, eIF3, DHX29, and 40S ribosomal subunits were purified from RRL, and recombinant human eIF1, eIF1A, and DHX29 were expressed and purified from E. coli as described previously (Pisarev et al., 2007; Pisareva et al., 2008; Skabkin et al., 2010) . In-vitro-transcribed tRNA i
Met (Pestova and Hellen, 2001) was aminoacylated using recombinant E. coli methionyl tRNA synthetase as described (Lomakin et al., 2006) .
Assembly and Purification of 43S-DHX29 Preinitiation Complexes
DHX29-bound 43S complexes were assembled by incubating 30 pmol 40S subunits, 90 pmol eIF2, 60 pmol eIF3, 100 pmol eIF1, 100 pmol eIF1A, 100 pmol Met-tRNA i Met , and 50 pmol recombinant DHX29 in 100 ml of buffer A (20 mM Tris [pH 7.5], 100 mM KAc, 2 mM dithiothreitol, 2.5 mM MgCl 2 , 0.25 mM spermidine) supplemented with 1 mM GDPNP for 10 min at 37 C and then purified by fast protein liquid chromatography (FPLC) on a Superose 6 gel filtration column equilibrated with buffer A containing 5 mM MgCl 2 and supplemented with 1 mM GDPNP prior to applying them onto grids. Composition of the complex was verified by SDS-PAGE ( Figures  S1A-S1C ).
Electron Microscopy A total of 3 ml of each sample was applied to holey carbon grids (carbon-coated Quantifoil 2/4 grid, Quantifoil Micro Tools GmbH) containing an additional continuous thin layer of carbon (Grassucci et al., 2007) . Grids were blotted and vitrified by rapidly plunging into liquid ethane at À180 C with a Vitrobot (FEI) (Dubochet et al., 1988; Wagenknecht et al., 1988) . Data acquisition was done under low-dose conditions (12 e À /Å 2 ) on a FEI Tecnai F20 (FEI, Eindhoven) operating at 120 kV with a Gatan 914 side-entry cryo-holder. The data set was collected with the automated data collection system Leginon (Suloway et al., 2005) at a calibrated magnification of 51,5703 on a 4k 3 4k Gatan Ultrascan 4000 CCD camera with a physical pixel size of 15 mm, thus making the pixel size 2.245 Å on the object scale.
Image Processing
The data were preprocessed using pySPIDER (R.L. and J.F., unpublished data). Arachnid is a Python-encapsulated version of SPIDER, replacing SPI-DER batch files with Python. It also contains procedures such as Autopicker, which was used for the automated particle selection, yielding a total number of particles of $650,000. Those particles were classified with RELION (Scheres, 2012) and a class of 29,000 particles with all factors present was isolated. This class was further refined to a resolution of 11.6 Å , estimated with the goldstandard Fourier shell correlation (FSC) = 0.143 ( Figure S2B ) (Henderson et al., 2012; Scheres, 2012) . To assess the quality of our reconstruction, we performed a reference-free two-dimensional (2D) classification using RELION (Scheres, 2012) and compared the obtained class averages with projections generated from our final reconstruction ( Figure S3B ).
Density Maps Segmentation and Display
Cryo-EM reconstructions were segmented using the SEGGER module (Pintilie et al., 2010) implemented in UCSF Chimera (Pettersen et al., 2004) . Segments counting less than 10,000 voxels were discarded. Segments were refined manually using the volume eraser module implemented in UCSF Chimera. Finally, the obtained segments were smoothed using a Gaussian filter in the volume filter module also implemented in Chimera. The final maps were displayed and rendered with Chimera.
Fitting of Atomic Structures into EM Maps
To determine the relative position of the TC to eIF1, the 40S+eIF1 crystal structure of T. thermophila (Rabl et al., 2011) was rigid-body fitted into the 43S+DHX29 reconstruction using UCSF Chimera (Pettersen et al., 2004) . The relative position of the TC to eIF1A was assessed by fitting the nuclear magnetic resonance structure of eIF1A (Protein Data Bank ID code [PDB] 1D7Q) (Battiste et al., 2000) based on the position of its prokaryotic homolog IF1 on the 30S subunit (PDB 1HR0) (Carter et al., 2001) . In all models, optimal fit was guided by the highest CCC.
An atomic model of the TC was obtained by rigid-body fitting the crystal structure of the archaeal aIF2/Met-tRNA i Met /GDPNP ternary complex (PDB 3V11) (Schmitt et al., 2012) to the 43S-DHX29 reconstruction. Rigid-body fitting accommodated the structure well except for the D1-D2 domains of aIF2a, which displayed a different orientation relative to Met-tRNA i Met . In order to accommodate the aIF2aD1-D2 domains into the density, they had to be rotated by 45 and displaced further toward the 40S by $15 Å . It was thus possible to fit the obtained model of the aIF2/Met-tRNA i Met /GDPNP ternary complex with a CCC of $0.93.
A homology model of DHX29 amino acids 551-1302 (Dhote et al., 2012 ) based on the crystal structure of the related DExH box protein Prp43p (He et al., 2010) was fitted into the DHX29 density by rigid-body docking with a CCC of $0.94. The crystal structure of the eIF3i/Tif34 WD domain (PDB 3ZWL) (Herrmannová et al., 2012) was fitted into its putative density near DHX29 with a CCC = 0.90.
The proteasome lid atomic model (Beck et al., 2012) was rigid-body fitted into eIF3 core segmented density using the protocol described above.
For further details, please refer to the Extended Experimental Procedures.
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